Introduction {#sec1}
============

Embryonal rhabdomyosarcoma (ERMS) is a devastating pediatric sarcoma characterized by a pathologic block in myogenic differentiation. The initiation and progression of ERMS are primarily driven by RAS-associated signaling pathways.[@bib1] Whether RAS signaling is involved in repressing myogenic differentiation in ERMS is currently unknown. There are also no effective therapies capable of directly targeting activated RAS proteins. In fact, many common cancer oncogenes are undruggable by modern therapeutic approaches.[@bib2], [@bib3] Developing therapies to target these oncogenic drivers remains one of the primary goals of current cancer research. However, creation of new targeted cancer therapies is a time-consuming process, requiring substantial research and development of resources. Directly targeting the genomic DNA of essential cancer genes could overcome many of the challenges associated with developing precision cancer treatments. Advances in genome-editing technology now make it possible to target oncogenes with remarkable precision, paving the way for a new generation of gene-editing cancer therapies. Because genome-editing technology relies only on knowledge of cancer genetics, it can be rapidly customized to the vulnerabilities present in individual tumors. Development of a programmable cancer therapy of this kind could profoundly impact cancer treatment by providing the flexibility to rapidly target a wide range of essential cancer genes in a variety of cancer types.

Although a growing number of studies have provided initial evidence that gene-editing technology could be used to target essential cancer genes,[@bib4], [@bib5], [@bib6], [@bib7] several major obstacles remain before a cancer gene-editing therapy could be used in the clinic. The first is the development of high-efficiency gene-editing approaches that can target essential cancer genes with therapeutic efficiency and specificity. Cancer gene-editing therapies will also require the development of an effective gene therapy delivery system to facilitate treatment of cancer patients.

Our study used high-efficiency gene-targeting approaches to investigate the dependency of ERMS cells on activated RAS signaling, identifying RAS as a dominant repressor of myogenic differentiation in ERMS. Using this targeting strategy, we developed a novel oncolytic myxoma viral (MYXV) gene-editing vector system to directly target activated RAS genes in ERMS tumors. This study evaluates the therapeutic potential of this recombinant gene-editing oncolytic virus, providing important insights into the emerging field of gene-editing cancer therapy and establishing a framework for further development of this innovative technology.

Results {#sec2}
=======

Targeting Activated RAS Inhibits Tumor Growth and Induces Myogenic Differentiation of ERMS Cells {#sec2.1}
------------------------------------------------------------------------------------------------

RAS-associated signaling pathways are responsible for ERMS initiation and progression. However, the cellular mechanisms by which RAS signaling promotes ERMS tumor growth are unknown. Therefore, we sought to disrupt RAS signaling in *RAS* mutant ERMS cells using CRISPR/Cas9 gene-editing approaches. Because RAS signaling was essential for the proliferation of ERMS cells, gene knockout required high-efficiency gene-editing approaches that can effectively target the oncogene in all cancer cells. Despite several improvements to CRISPR/Cas9 single guide RNA (sgRNA) design,[@bib8] the insertion and deletion (indel) mutation efficiency of a sgRNA is not sufficient for most cancer therapeutic applications. We previously observed that simultaneous targeting of genes with multiple gRNAs resulted in high-efficiency deletions between sgRNAs that were up to two to three times the average indel efficiency for sgRNAs (i.e., 40%--60%).[@bib7] We therefore adapted a similar high-efficiency gene-editing strategy to examine the phenotypic response of ERMS cells to ablation of *RAS* genes. To target *RAS* in ERMS, *RAS* mutant cancer cells were co-transduced with high-titer lentiviruses expressing *Streptococcus pyogenes* Cas9 (*Sp*Cas9) and dual gRNAs targeting exon 3 of the *NRAS* or *HRAS* genes (*NRAS* A183T mutant 381T and *HRAS* C181A mutant SMS-CTR ERMS cells, respectively). *NRAS* and *HRAS* knockout in RAS mutant ERMS cells resulted in a significant reduction in viability 5 days post-gene targeting ([Figure 1](#fig1){ref-type="fig"}A). We also observed a small but significant reduction in cell viability with *NRAS* targeting in HRAS-driven ERMS cells ([Figure 1](#fig1){ref-type="fig"}A), suggesting a potential role for wild-type RAS signaling in modulating growth of some ERMS cells. Flow cytometry-based annexin V assay for apoptosis revealed that the reduction in ERMS cell growth after RAS targeting was due to a modest but significant increase in cell death ([Figure 1](#fig1){ref-type="fig"}B). The vast majority of *NRAS*- and *HRAS*-targeted cells underwent terminal myogenic differentiation, as shown by a significant increase in myosin heavy chain positive-multinucleated myotubes ([Figures 1](#fig1){ref-type="fig"}C and 1D). Cell-cycle analysis of ERMS cells with *NRAS* A183T and *HRAS* C181A knockout revealed a decrease in the percentage of S phase cells compared with controls because of an increase in the percentage of cells arrested in the G1 phase of the cell cycle (NRAS: S, p = 0.005; G1, p = 0.002; HRAS: S, p \< 0.0001; G1, p = 0.0005; [Figure 1](#fig1){ref-type="fig"}E).Figure 1High-Efficiency Knockout of *RAS* Induces Differentiation of ERMS Cells(A) *RAS* targeting reduces viability in ERMS cells harboring *NRAS* A183T or *HRAS* C181A activating mutations. Annexin V apoptosis (B) and MF20 (C), myosin heavy chain immunostaining analysis, after *NRAS* or *HRAS* knockout. (D) Fluorescent images showing myogenic differentiation of ERMS cells after *RAS* targeting (MF20, green; nuclei, blue; scale bar: 100 μm). (E) Changes in cell cycle in RAS knockout (KO) ERMS cells (n = 3). Cell viability (A) and MF20 (C) data were analyzed 6 days post-*RAS* targeting, and cell death (B) and cell-cycle analysis (E) were taken 4 days post-targeting, prior to myogenic differentiation. Data in (A)--(C) represent the average of four biological replicates with error bars ± SEM. \*\*p \< 0.01; \*\*\*p \< 0.001; \*\*\*\*p \< 0.0001.

To further assess the response of ERMS cells to the loss of RAS signaling, we engineered tamoxifen-inducible *NRAS*-targeting ERMS cells, using a system previously developed in our laboratory.[@bib7] We first compared the global gene expression profile of the tamoxifen-induced *NRAS* knockout ERMS cells with non-induced ERMS control cells prior to terminal myogenic differentiation (day 2 after *NRAS* knockout) to gain insight into genes and pathways regulated by NRAS. Disruption of *NRAS* resulted in a decrease in the expression of key cell-cycle and DNA replication genes and an increase in the expression of myogenic differentiation genes ([Figure S1](#mmc1){ref-type="supplementary-material"}). Taken together, our loss-of-function studies and gene expression analysis demonstrate that RAS signaling is required for sustaining ERMS cell proliferation, in part, through its repression of the myogenic program.

NRAS Knockout Regresses ERMS Tumor Xenografts *In Vivo* {#sec2.2}
-------------------------------------------------------

To examine the response of ERMS tumors to loss of RAS signaling *in vivo*, we established tamoxifen-inducible *NRAS*-targeting tumor xenografts in immunocompromised NOD-SCID Il2rg^−/−^ (NSG) mice ([Figure 2](#fig2){ref-type="fig"}A). The growth of *NRAS*-targeted xenografts was compared with non-induced or control tumors targeted at a safe harbor region of chromosome 4 (58110237--58110808; GRCH38.p2).[@bib7] Treatment of tumor xenografts with tamoxifen resulted in extensive gene editing with complete *NRAS* knockout within a week of treatment ([Figure 2](#fig2){ref-type="fig"}B). The median survival of mice with *NRAS*-targeted tumors increased by approximately 2-fold (i.e., 38.5 days) over non-targeted or safe harbor control-targeted tumors ([Figure 2](#fig2){ref-type="fig"}C). *NRAS* knockout resulted in the regression of ERMS tumors, most of which became undetectable around 10 days after tamoxifen treatment ([Figure 2](#fig2){ref-type="fig"}D). There was a significant difference in tumor volume change, comparing *NRAS*-targeted tumor xenografts with non-treated and tamoxifen-treated control tumors (p \< 0.0001; [Figure 2](#fig2){ref-type="fig"}D).Figure 2Targeting *NRAS* in ERMS Xenografts Inhibits Tumor Growth and Induces Myogenic Differentiation(A) Design of tamoxifen-inducible *NRAS* knockout experiment with *NRAS* gene-targeting strategy showing gRNA target sites (red arrows) and the activating A183T mutation site (red vertical bar). (B) Inducible gene editing in tumor xenografts as shown by the presence of deletion mutations in tamoxifen-treated tumors after PCR amplifying the deletion mutations with primers flanking the gRNA target sites. Efficiency of editing was estimated by combining deletion efficiencies between gRNA target sites. (C) Mouse survival after tamoxifen (Tam) induced knockout of *NRAS* in tumor xenografts (n = 10). (D) Analysis of changes in tumor volume over 21 days with mean ± SD of each treatment group. (E) Histological (H&E) and immunohistochemistry (IHC) analysis of *NRAS* knockout tumors prior to tamoxifen treatment and at 7 and 28 days after treatment. IHC analysis was used to determine the extent of cellular proliferation (Ki67), apoptosis (CC3), and myogenic differentiation (myosin heavy chain, MF20) of tumor samples. (F) Phosphorylated ERK (pERK) immunostaining in tumor xenografts 7 days after tamoxifen treatment. Scale bars represent 100 μm. \*\*\*\*p \< 0.0001.

The cellular response of ERMS tumors to *NRAS* targeting was monitored every 7 days by analyzing changes in cell morphology (H&E), cellular proliferation (Ki67), cell death (cleaved caspase 3 \[CC3\]), and myogenic differentiation (MF20). *NRAS* knockout resulted in an initial decrease in cellular proliferation and increase in cell death (day 7), followed by myogenic differentiation throughout most of the tumor mass (day 28; [Figure 2](#fig2){ref-type="fig"}E). This was associated with a decrease in phosphorylated extracellular signal-regulated kinase, aka MAPK (pERK), signaling following *NRAS* targeting in ERMS tumors ([Figure 2](#fig2){ref-type="fig"}F). These findings indicate that RAS is essential for sustaining tumor growth, as well as repressing myogenic differentiation in ERMS.

Relapse of NRAS-Targeted Tumors {#sec2.3}
-------------------------------

Despite effective *NRAS* knockout in ERMS tumor xenografts ([Figure 2](#fig2){ref-type="fig"}B), relapsed tumor growth eventually occurred in all mice ([Figure 3](#fig3){ref-type="fig"}A). The primary genotype found in NRAS-resistant tumors was a large gDNA deletion (2,270 bp) between the outermost gRNA target sites (gRNA3 and gRNA1; [Figure 2](#fig2){ref-type="fig"}A), resulting in the loss of 67 amino acids (aa) (35% of the protein coding sequence). Consistent with the high fidelity of non-homologous end joining (NHEJ) DNA repair, the majority of deletion mutations were direct fusions between the gRNA cut sites, resulting in frameshift mutations ([Figure 3](#fig3){ref-type="fig"}B). In-frame deletion mutations were also identified ([Figure 3](#fig3){ref-type="fig"}B), but the loss of the *NRAS* core region, including the activating mutation site, likely resulted in a non-functional protein. There was a very small percentage of non-targeted xenograft cells with compromised gene editing, but these cells did not represent the majority of the relapsed tumor mass. Indel mutations and small deletions that resulted in truncating frameshift mutations were also identified ([Figure 3](#fig3){ref-type="fig"}B). The findings suggest that relapsed tumor growth most likely occurred secondary to the resistance of tumor cells to *NRAS* gene targeting rather than the outgrowth of non-targeted cells.Figure 3Relapse of ERMS Tumors following *NRAS* Targeting(A) Change in tumor volume over time in *NRAS*-targeted tumors compared with controls. (B) Example of common *NRAS* mutations found in relapsed tumor xenografts and an isolated *NRAS*-targeting-resistant clone.

Development of Recombinant Gene-Editing Myxoma Virus for RAS-Targeted Oncolytic Viral Therapy {#sec2.4}
---------------------------------------------------------------------------------------------

The pre-clinical *RAS* knockout studies highlighted the potential for exploiting the myogenic commitment of ERMS cancer cells for differentiation therapy. Because there are currently no viable RAS-targeted therapies, we sought to test the effectiveness of high-efficiency CRISPR/Cas9 technology for therapeutic targeting of the *NRAS* oncogene in ERMS. We recognized that delivery would be a major obstacle for any cancer gene-editing therapy. Our initial attempts to use traditional non-replicating lentiviral and adeno-associated viral gene therapy vectors failed because of low transduction efficiency in ERMS tumors. We therefore chose to investigate the replicating oncolytic MYXV from the *Leporipoxvirus* genus[@bib9], [@bib10] as a potential delivery vector for the *NRAS* gene-editing cancer therapy. MYXV causes myxomatosis in European rabbits but is completely non-pathogenic to humans.[@bib9], [@bib10] However, the virus is capable of replicating selectively in many cancer cells,[@bib11] including ERMS cells,[@bib12] and is currently being developed for a variety of clinical applications. The large genome size (161.8 kb) of MYXV is also capable of packaging all CRISPR/Cas9 gene-editing components into a single viral genome,[@bib10] making MYXV an ideal candidate for a therapeutic CRISPR/Cas9 gene-editing vector.

We confirmed the replication efficiency of recombinant MYXV in ERMS cells using a reporter virus that expressed both a constitutive vaccinia virus synthetic early and late promoter (vvSEL)-driven GFP cassette along with a replication-dependent late promoter (p11) expressing RFP[@bib12] ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Incubation of ERMS cells with low-titer MYXV resulted in effective viral infection and replication *in vitro* as shown by the expression of both GFP and RFP in infected cells ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Replication-competent MYXV virus could also be serially passaged in ERMS cells through the transfer of conditioned media or cellular lysate ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Recombinant MYXV exhibited active viral replication (expression of GFP and RFP) in ERMS tumors xenografts when administered by direct intra-tumoral injection ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Despite efficient viral replication, the spread of the recombinant myxoma viral vector was restricted to regional areas within the tumor mass ([Figure S2](#mmc1){ref-type="supplementary-material"}B). This pattern of viral infection is likely reflective of the plaque-forming nature of MYXV infection, as well as the tight cellular junctions present in ERMS tumors. Although the myxoma virus (MYXV) was not able to infect all ERMS cells, we hypothesized that ablation of essential oncogenes could promote viral spread by facilitating the release of viral particles to surrounding cells. Similarly, in therapeutic applications, stimulated immune responses may facilitate the killing of RAS knockout cancer cells in the absence of direct infection. Unfortunately, there are currently no immune-competent, RAS-driven mouse models of ERMS. Therefore, we employed ERMS tumor xenografts to test the ability of engineered recombinant gene-editing MYXV to regress ERMS tumors independent of an active immune system.

To target the *NRAS* gene in ERMS cells, we engineered a recombinant gene-editing MYXV containing an additional open reading frame expressing the *Sp*Cas9 CRISPR components from a single viral transcript ([Figure 4](#fig4){ref-type="fig"}A). This approach facilitated the use of high-expressing viral promoters (i.e., vvSEL) to ensure efficient gene editing when transcribed from the cytoplasmic MYXV. Our MYXV gene-editing system consisted of an *Sp*Cas9-2A-Csy4 cassette for simultaneous expression of *Sp*Cas9 and the CRISPR ribonuclease Csy4 ([Figure 4](#fig4){ref-type="fig"}A). The Csy4 ribonuclease is capable of cleaving CRISPR gRNAs at precise recognition sequences to split gRNAs from the 3′ end of mRNA transcripts.[@bib13] To facilitate targeted gene editing, we inserted dual gRNAs targeting the genes of interest into the 3′ end of the *Sp*Cas9-2A-Csy4 open reading frame separated by Csy4 cleavage sequences ([Figure 4](#fig4){ref-type="fig"}A). Human NRAS-driven ERMS tumor xenografts established in immunocompromised NSG mice were then injected intratumorally with four doses of the recombinant gene-editing MYXV (1 × 10^7^ plaque-forming units \[PFU\]/100 μL) targeting the *NRAS* oncogene or a safe harbor locus in chromosome 4 ([Figure 4](#fig4){ref-type="fig"}B). Both gene-editing MYXVs effectively transduced ERMS tumor xenografts with no obvious visual difference in the percentage of infected cells between control and NRAS-targeted tumors ([Figure 4](#fig4){ref-type="fig"}B). This suggested that at least for ERMS tumors, *NRAS* targeting alone did not significantly influence the spread of MYXV viral vectors ([Figure 4](#fig4){ref-type="fig"}B). *In vivo* MYXV-mediated targeting of exons 2 and 4 of the human *NRAS* gene resulted in the removal of 52% of the core region of the NRAS protein (98 aa, xenograft genomic DNA deletion of 6,436 bp; [Figure 4](#fig4){ref-type="fig"}C). Although accurate quantification of gene-editing efficiency is not possible in tumor xenografts, due to incomplete viral infection, *in vitro* infection of ERMS cells with the gene-editing MYXV vectors resulted in over 70% deletion mutations at the target locus ([Figure S2](#mmc1){ref-type="supplementary-material"}C), which is significantly higher than the editing efficiency observed with typical CRISPR lentiviral vectors.[@bib7] MYXV-mediated targeting of the *NRAS* oncogene in ERMS tumors significantly increased mouse survival compared with controls (p = 0.0037; [Figure 4](#fig4){ref-type="fig"}D) and resulted in a significant reduction in tumor growth in the majority of xenografts ([Figures 4](#fig4){ref-type="fig"}E and 4F). However, the effect of MYXV gene-editing therapy did not provide sustained therapeutic benefit because all tumors relapsed during treatment. This may be due to a number of factors, including incomplete viral infection and/or tumor cell resistance to *NRAS* targeting. Histological and immunohistochemical (IHC) analysis of MYXV-infected tumors revealed modest myogenic differentiation in *NRAS*-targeted tumors, with the majority of differentiated cells located in areas of low viral load outside the primary infection sites ([Figure S3](#mmc1){ref-type="supplementary-material"}). This suggests that MYXV infection restricted the ability of ERMS cells to undergo myogenic differentiation.Figure 4Myxoma Oncolytic Gene-Editing Viral Therapy Significantly Reduces ERMS Tumor Growth(A) Schematic of the engineered gene-editing oncolytic MYXV and *NRAS*-targeting strategy with gRNA target sites (red arrows). (B) Phase and GFP fluorescent images showing recombinant MYXV-infected areas in ERMS tumors (scale bar: 1 mm). (C) High-efficiency gDNA deletions detected at the safe harbor (control virus) and *NRAS* target sites in representative MYXV-treated ERMS tumors. Sequencing of the most common *NRAS* deletion mutation is shown. (D) Mouse survival over time compared between *NRAS*-targeted (blue), safe-harbor-targeted (red), and wild-type uninfected ERMS tumors (n = 6, n = 6, and n = 20, respectively). Tumor growth over time (E) and change in tumor volume (3 weeks) (F) for *NRAS*- and safe-harbor-targeted tumors. Error bars represent mean ± SD. \*p \< 0.05.

Tumor-Specific RAS Targeting in ERMS {#sec2.5}
------------------------------------

Although we demonstrate that gene-editing technology is capable of enhancing the capacity of MYXV vectors to kill cancer cells, our initial therapeutic strategy was not selective for cancer cells and could result in off-target editing of the *NRAS* gene in non-cancer cells. Future cancer gene-editing therapies would likely benefit from selective targeting of cancer cells, and therefore we examined the ability of CRISPR gene-editing technology to selectively target activating point mutations in *RAS* genes. Developing high-efficiency mutation-specific targeting strategies, however, poses significant challenges for many driver oncogenes because of restrictions on the placement of CRISPR gRNA target sites. Although several previous studies have suggested that tumor point mutations could be targeted with a sgRNA targeting the mutation site,[@bib14], [@bib15] our previous experience with CRISPR/Cas9 gene editing suggests that the efficiency of NHEJ repair at a sgRNA site does not allow for the efficiencies necessary for therapeutic applications.

To develop a therapeutic gene-editing strategy capable of specifically targeting the activating mutations in *RAS*, we sought to identify CRISPR gRNA target sites that could specifically recognize the mutations present in ERMS. Unfortunately, the *RAS* mutations found in ERMS cells did not introduce new CRISPR protospacer adjacent motifs (PAMs) that could specify target sites unique to ERMS cells. We therefore looked for gRNA target sites that contained the activating point mutations in the seed region of the gRNAs immediately adjacent to the PAM recognition sequence ([Figure 5](#fig5){ref-type="fig"}A). Mutations in the first 7 bp adjacent to the PAM sequence, termed the seed region, are often not tolerated by the CRISPR system, facilitating the establishment of mutation-specific gRNAs.[@bib16] We have previously shown that mutations in this gRNA seed region blocks Cas9 activity in RMS cancer cells.[@bib7] Although an *Sp*Cas9 PAM recognition sequence was in close proximity to the *HRAS* C181A mutation site, no *Sp*Cas9 target sites were found near the activating *NRAS* A183T mutation site ([Figure 5](#fig5){ref-type="fig"}A). In contrast, the PAM recognition sequence for the CRISPR/Cas9 system isolated from *Staphylococcus aureus* (*Sa*Cas9) was located adjacent to the *NRAS* A183T mutation site in ERMS cells ([Figure 5](#fig5){ref-type="fig"}A). Therefore, we designed gRNA sequences using both the *Sp*Cas9 and *Sa*Cas9 systems to facilitate gene editing of the *HRAS* C181A and *NRAS* A183T mutation sites ([Figure 5](#fig5){ref-type="fig"}A). To enhance gene-editing efficiency, we placed a second gRNA target site in the third intron of the *HRAS* and *NRAS* genes, immediately adjacent to exon 3 containing the activating *RAS* mutations (i.e., gRNA i1; [Figure 5](#fig5){ref-type="fig"}A). This targeting strategy was designed to introduce harmless indel mutations in the third intron of the *RAS* gene in normal cells while creating non-functional indel mutations and high-efficiency deletions at the *RAS* mutation site in ERMS cells ([Figure 5](#fig5){ref-type="fig"}A).Figure 5Tumor Mutation-Specific Targeting of *NRAS* and *HRAS* Oncogenes in ERMS(A) *RAS* tumor mutation-specific targeting strategy with locations of the mutation site (red bar) and targeting gRNAs (red arrows). The placement of the mutation-specific gRNAs is identified. (B) Cell viability after treatment of ERMS cells with *RAS* mutation-specific lentivirus. Data represent mean ± SEM of three biological replicates. (C) Sequencing analysis of the *NRAS* and *HRAS* target site after treatment of *NRAS* A183T and *HRAS* C181A mutant and non-mutant cells with tumor-specific targeting virus. \*\*\*\*p \< 0.0001.

To validate the specificity and assess off-target editing of these *RAS* gene-editing strategies, lentiviral CRISPR/Cas9 vectors targeting the activating point mutations in *HRAS* and *NRAS* were transduced into ERMS cells harboring either wild-type or mutant *RAS*. As expected, targeting of these *RAS* mutation sites led to a significant reduction in cell viability, similar to that observed with general targeting of *NRAS* and *HRAS* ([Figure 5](#fig5){ref-type="fig"}B). Next-generation sequencing analysis of the *HRAS* and *NRAS* target sites revealed high gene-editing efficiency from both the *Sp*Cas9 and *Sa*Cas9 systems, with 90.3% and 88.1% of the mutant alleles targeted, respectively (i.e., combination of deletion and indel mutations; [Figure 5](#fig5){ref-type="fig"}C). Both ERMS cell models used in our study exhibited chromosomal abnormalities at the RAS target sites, with *NRAS* A183T cells having at least two copies of the *NRAS* A183T allele[@bib1] and *HRAS* C181A mutant cells exhibiting loss of the wild-type *HRAS* allele.[@bib17] *Sa*Cas9 targeting was highly specific with no indel mutations detected at the *NRAS* A183T target site in non-mutant cells ([Figure 5](#fig5){ref-type="fig"}C). However, a small percentage of deletion mutations between the gRNA target sites were identified in wild-type cells (3.5%; [Figure 5](#fig5){ref-type="fig"}C). In contrast, the chosen *HRAS* C181A mutation-specific gRNA was highly promiscuous, targeting both mutant and wild-type alleles with high efficiency (wild-type allele targeting 76%; [Figure 5](#fig5){ref-type="fig"}C). The observed differences in off-target editing are likely not reflective of the fidelity of each Cas9 variant but instead signify the specificity inherent in individual CRISPR gRNA target sites.[@bib16] These results highlight some limitations in selectively targeting oncogenic point mutations because off-target editing could potentially result in the introduction of new oncogenic mutations in normal cells.

Discussion {#sec3}
==========

This study establishes a platform for the development of future gene-editing cancer therapies by identifying core RAS vulnerabilities in ERMS cancer cells along with high-efficiency oncogene-targeting strategies. The results provide a unique window into the role of RAS oncogenes in promoting ERMS tumor progression by repressing myogenic differentiation. Our data suggest that ERMS cancer cells are pre-programmed myogenic cells that may respond well to targeted differentiation therapies. Even though the impaired differentiation status of RMS tumors is well established,[@bib18], [@bib19] the molecular mechanisms restricting myogenic differentiation have not been fully explored. We have previously demonstrated that the HDAC3/NCOR epigenetic repressor complex restricts myogenic differentiation in RMS by blocking MYOD1-mediated transcriptional activation.[@bib7] The striking phenotypic similarities between *RAS* knockout and disruption of the HDAC3/NCOR epigenetic repressor complex suggest a role for the HDAC3/NCOR complex as a downstream mediator of RAS signaling, likely through direct interaction with the master myogenic regulatory factor MYOD1.[@bib7], [@bib20] Despite promising data suggesting the importance of these factors for ERMS tumor growth, more research is needed to understand the connection between RAS signaling, MYOD1 regulation, and other additional factors, including the HDAC3/NCOR epigenetic repressor complex, in controlling myogenic differentiation in ERMS. Importantly, many of the driver genes in RMS are currently undruggable, and new inhibitor-based targeted therapies will take significant time and resources to develop. Our study highlights the use of recombinant gene-editing virotherapy as a promising alternative to target non-druggable driver genes in cancer.

In the absence of effective anti-RAS therapeutic agents, we examined the potential of using high-efficiency gene-editing approaches to directly target *NRAS* and *HRAS* in ERMS. Although several cancer therapeutic gene-editing studies have observed significant effects from the use of single gRNAs,[@bib6], [@bib14], [@bib15], [@bib21] we found that higher gene-editing efficiency was required for therapeutic applications in ERMS.[@bib7] To establish an effective gene-editing system for ERMS tumors, we employed a multiplex gene-targeting approach to simultaneously introduce multiple disrupting indel mutations along with high-efficiency deletion mutations in ERMS cells.

In addition to establishing high-efficiency gene-targeting strategies, effective therapeutic delivery systems are critical for implementing this innovative technology for clinical use. Although previous reports have used non-replicating gene therapy vectors,[@bib6], [@bib15], [@bib21] we found that the transduction efficiency of these vectors was extremely limited in ERMS tumors. This led us to develop an oncolytic MYXV vector capable of replicating within ERMS cells. We demonstrated that this recombinant MYXV system can induce high-efficiency editing of endogenous human genes using a single *Sp*Cas9-Csy4 transcript with cleavable gRNAs. This approach not only facilitated the use of high-expression cytoplasmic viral promoters but can also be used to express large numbers of gRNAs, targeting multiple essential cancer genes. The versatility of this technology facilitates the rapid targeting of a wide range of genetic drivers or cancer types, making it customizable to individual cancer patients. The use of a non-pathogenic, rabbit-derived MYXV also has significant therapeutic potential because the vector is non-integrating and has no acquired immunity in the human population.[@bib11]

It is important to note that direct cancer gene-editing therapy has only recently been proposed as a potential therapeutic option for targeting undruggable cancer genes. Although significant obstacles need to be overcome prior to the development of this technology for therapeutic applications, our data suggest that arming oncolytic viruses with gene-editing technology could have significant therapeutic advantages. There are several alternative oncolytic viruses currently used for cancer treatment,[@bib22] which may benefit from integrating CRISPR/Cas9 gene-editing technology into their therapeutic approaches. The primary obstacle to the development of a cancer gene-editing therapy is the inability of most oncolytic viruses to infect all cancer cells. Future oncolytic viral technology will need to overcome this limitation. Therefore, utilizing gene-editing technology to enhance the spread of oncolytic viruses by targeting antiviral genes or to induce potent cancer immune responses may hold more therapeutic potential than directly targeting cancer oncogenes. More research is also needed to understand how the immune system will impact oncolytic gene-editing therapy, using immunocompetent models. Although an active immune system could hamper the spread of oncolytic viruses, ablating essential cancer genes could trigger pathways that downregulate immune evasion or stimulate effective anti-cancer immune responses. The technological approach employed in this research could also be used to directly engineer the expression of immune-stimulatory factors to promote clearing of cancer cells.

Although our data support previous claims that gene-editing technology can be used to edit cancer-specific mutations,[@bib6], [@bib15], [@bib21] we find that targeting single-nucleotide variants is prone to low levels of off-target gene editing. These off-target effects could be reduced with thorough gRNA optimization; however, restrictions on the placement of tumor-specific gRNA target sites make finding efficient, high-fidelity gRNAs for many oncogenes a significant challenge. Because the target sites for these mutations likely lie in critical regions of oncogenes, such as *RAS*, the potential to create new oncogenic mutations in healthy tissues is also a major concern.[@bib15] The use of high-fidelity Cas9 variants may help overcome this limitation in gRNA specificity, but off-target gene editing still remains a challenge with all current CRISPR systems.[@bib16] Alternative methods of establishing cancer-targeting specificity could provide a more viable therapeutic strategy that does not rely on directly editing cancer mutations. This may include the use of replication-dependent viral promoters such as the late viral promoter, p11, to restrict expression of the CRISPR components to cancer cells.[@bib23] The enhanced flexibility of this approach would enable a variety of cancer gene-editing strategies, such as targeting non-mutant essential cancer genes, or multi gene-editing applications designed to reduce the probability of resistance. This is particularly relevant given our results with inducible *NRAS* knockout, which identified a sub-population of ERMS cancer cells that were resistant to *NRAS* targeting. RAS-resistant cells are not unique to ERMS and have been isolated after *KRAS* knockout in pancreatic cancer cells.[@bib24]

Our study provides valuable insight into the use of gene-editing technology as a potential targeted therapy application in cancer treatment. We have established strong evidence that arming oncolytic viruses with gene-editing capability has significant therapeutic potential for targeting undruggable driver genes in cancer. This study provides an important framework for further development of gene-editing oncolytic virotherapy as a new approach to precision cancer treatment.

Materials and Methods {#sec4}
=====================

Gene-Editing Vectors {#sec4.1}
--------------------

Gene-editing vectors were created to express either *Sp*Cas9 or *Sa*Cas9 from a core elongation factor 1a promoter. Dual gRNAs targeting the genes of interest were expressed from tandem human U6 promoters on independent viral vectors (*Sp*Cas9) or integrated into Cas9 expression vectors (*Sa*Cas9). All gRNA target sites were selected using ChopChopv2 software,[@bib25] and the gRNA sequences used in this study are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. The tamoxifen-inducible CRISPR/Cas9 gene-editing system has been previously described.[@bib7] The key gene-editing vectors used in the research can be found on Addgene (Cambridge, MA, USA). Validation of effective gene editing in target cells was analyzed by PCR amplification of expected deletions created by the targeting vectors. Gene-editing efficiency was estimated in inducible tumor xenografts and cultured cells by analyzing the band intensity of deletion mutations compared with amplification of non-targeted regions of the genome (total gDNA). These efficiency estimates are likely underestimates because we did not analyze the efficiency of indel mutations that occur at each independent gRNA target site. For complete analysis of gene-editing efficiency after tumor-specific RAS targeting, the edited regions of both *NRAS* and *HRAS* were submitted for next-generation amplicon sequencing using 150-bp paired-end reads (greater than 500× coverage; Genewiz, South Plainfield, NJ, USA) to quantify all gene-editing events (deletions and indel mutations).

Cell-Based Assays {#sec4.2}
-----------------

The cell lines used in this study harbored activating *NRAS* A183T (381T) or *HRAS* C181A (SMS-CTR) point mutations. These cells lines were validated by short tandem repeat profiling performed at the cell line validation core facility at Dana Farber Cancer Institute or from the American Type Culture Collection (ATCC). The characteristic RAS mutations present in each line were also identified using next-generation sequencing. The cells were also confirmed mycoplasma-free prior to experimentation. All cells were cultured under standard high serum growth conditions or low serum differentiation conditions, as described.[@bib7] Cell viability was assessed with relative cell counts, and myogenic differentiation was analyzed with myosin heavy chain immunofluorescence (MF20, DSHB), to determine the percentage of myosin-positive cells. Apoptosis was measured using an annexin V fluorescent flow cytometry assay (Thermo Fisher Scientific). All cell culture experiments were performed in technical triplicate with the results averaged over three to four independent biological replicates as indicated in the figure legend.

Recombinant Gene-Editing MYXV {#sec4.3}
-----------------------------

To engineer a recombinant gene-editing MYXV, a transgenic cassette expressing the *Sp*Cas9 and Csy4 CRISPR components was integrated by site-directed recombination between genes 135R and 136R of the MYXV genome ([Figure 4](#fig4){ref-type="fig"}A). This design enabled high-efficiency gene editing from a single cytoplasmic mRNA transcript ([Figure 4](#fig4){ref-type="fig"}A). Because MYXV is a non-integrating cytoplasmic virus, all CRISPR/Cas9 components were driven by a single vaccinia vvSEL to facilitate high levels of cytoplasmic expression. In addition to the CRISPR components, the MYXV vectors also expressed a separate vvSEL-GFP cassette to track transduction efficiency *in vivo* ([Figure 4](#fig4){ref-type="fig"}A). The MYXV used in the research was purified and concentrated as previously described.[@bib26]

Xenografts {#sec4.4}
----------

Immunodeficient NSG mice were implanted with a single subcutaneous ERMS tumor xenograft on the left flank. After tumor onset (10 mm^3^), the tumor volume was measured every 2--3 days until endpoint (500 mm^3^). Treatment groups were split into *RAS* knockout tumors and control tumors targeted at a safe harbor region of the genome. This safe harbor control was preferred over non-targeting controls to account for any non-specific DNA damage response that may occur in CRISPR-targeted cells. Randomization was not used in grouping of the isogenic mouse strains; however, male and female mice were distributed equally across the treatment groups. Because animals required multiple, sequential experimental treatments, blinding was not performed. For tamoxifen-inducible *NRAS* knockout studies, gene editing was induced with five intraperitoneal injections of tamoxifen over a 10-day period after the tumor had reached a volume of 10 mm^3^. For the time-course xenograft experiments, tamoxifen injections were performed on 100-mm^3^ tumors to facilitate subsequent sampling of the xenografts at multiple time points during tumor regression. For MYXV gene-editing studies, four doses of engineered MYXV virus (1 × 10^7^ PFU/100 μL) were intratumorally administered to 10-mm^3^ xenografts over 8 days, and changes in tumor volume were analyzed until tumors reached endpoint or 50 days post-viral administration, whichever came first. Histological and immunohistochemical analysis of tumors was performed by the University of Washington histology and imaging core. The antibody against phospho-Erk1/2 (p44/42 mitogen-activated protein kinase \[MAPK\]) was obtained from Cell Signaling. All treatment groups were maintained in identical laboratory conditions, with experiments carried out under approved protocols from the University of Washington Institutional Animal Care and Use Committee (IACUC) and the office of animal welfare. Mouse numbers were determined from pilot experiments, using a power analysis with an expected large effect size.

Statistics and Data Reporting {#sec4.5}
-----------------------------

Experimental data were analyzed with a two-tailed t test or ANOVA statistical test based on the number of treatment groups. Bonferroni corrections were made to the p value, based on the number of statistical comparisons. The mean difference between treatment groups was used for statistical comparisons except for mouse xenograft studies that analyzed changes in median survival between targeted and control mice. All data were analyzed with Prism 6, GraphPad software. The numbers of biological replicates are reported in the figure legends. Data are presented as mean ± SEM with \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, and \*\*\*\*p \< 0.0001.

### Transcriptome Analysis and Data Availability {#sec4.5.1}

Expression profiling was performed on NRAS-targeted and control cells 2 days after gene editing to identify genes immediately impacted by *NRAS* knockout, prior to terminal myogenic differentiation. RNA-sequencing analysis was performed by the Fred Hutchinson Cancer Research Center, Genomics Shared Resource Core using protocols previously identified.[@bib7] All transcriptome data produced during this research is available at NIH GEO: [GSE118939](ncbi-geo:GSE118939){#intref0010}.
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